Ferroelectric domain walls are nm-sized interfaces between sections of different allowed values of the spontaneous polarization, the so-called domains. These walls -neutral or charged -can be created, displaced, deleted, and recreated again in ferroelectric materials. [1] [2] [3] Owing to the recent progress in the studies of ferroelectrics, they are expected to be functional active elements of the future nano-electronics. Our results demonstrate that strong conductivity of CDWs is available in simple ferroelectric materials, possessing only two allowed orientations of the spontaneous polarization, far from the Curie point. Also, CDW functionalities can be combined with linear and nonlinear optical phenomena. 14, 15 Our findings allow new generations of adaptive-optical elements, of electrically controlled integrated-optical chips for quantum photonics, and of advanced LN-semiconductor hybrid optoelectronic devices.
data known for other materials: Increase of LN conductivity by more than 14 orders of magnitude owing to CDWs, access to the effect via Ohmic and semi-Ohmic contacts, and its high stability for temperatures of up to 70
• C are demonstrated. It is made clear why this big effect was missed earlier 11, 25 in LN.
Our results demonstrate that strong conductivity of CDWs is available in simple ferroelectric materials, possessing only two allowed orientations of the spontaneous polarization, far from the Curie point. Also, CDW functionalities can be combined with linear and nonlinear optical phenomena. 14, 15 Our findings allow new generations of adaptive-optical elements, of electrically controlled integrated-optical chips for quantum photonics, and of advanced LN-semiconductor hybrid optoelectronic devices.
The ferroelectric state can be characterized by the spatial distribution of the spontaneous polarization vector Ps. Within a ferroelectric domain Ps const. Domain walls separate the regions with different allowed polarizations. Often, they are neutral, then the polarization difference ∆Ps is parallel to the wall plane and the bound polarization charge is zero. Otherwise, the walls are charged and the bound charge is strongly compensated by free charges to ensure the ferroelectric stability. 6, 16, 17 A simple example of CDW, relevant to our study, is depicted in Fig. 1a . The polarization vectors of the adjacent domains point at the wall (head-to-head CDW), which is tilted by an angle θ to the polarization direction. Here, the bound surface charge is +2Ps sin θ, and it must be strongly compensated by electrons or negative ions. The electron compensation occurs via the conduction band bending. 6, 10, 16 It is fast and leads to a metallic-like CDW conductivity because of free movement of electrons along the wall. The width w of CDWs can roughly be estimated as 10 nm, this is one order of magnitude larger than the width of neutral walls. 10, 16 For LN polarization Ps = 70 µC/cm 2 and θ = 90
• it gives a huge concentration of electrons, 2Ps/ew ≈ 10 21 cm −3 , where e is the elementary charge. CDWs and their elevated conductivity were occasionally observed in the past.
19, 20
During the last decade, they were well documented in many materials including BiFeO3,
21
BaTiO3, 9, 22 ErMnO3, 23 and h-HoMnO3. 24 High-resolution transmission-electron and atomic-force microscopies were extensively used. The most advanced data on the CDW conductivity has been presented so far for BaTiO3 single crystals. An enhancement factor ∼ 10 9 , as compared to the conductivity of the bulk, was obtained for 45
• head-to-head walls. The data reported suffer from bad stability and big contact barriers leading to pronounced non-Ohmic current-voltage characteristics. Experiments with LN crystals have shown either transient conductivity 25 or steady conductivity just in the presence of super-band-gap illumination.
11
Our choice of LN crystals for domain-wall-electronic studies has strong grounds. This robust and cheap wide-band-gap material (Eg 4 eV) is extremely useful for numerous optical applications.
12, 14 As a ferroelectric, it has a very high Curie temperature, TC ≈ 1200
• C, and only two allowed (opposite) values of Ps.
28 Field-assisted domain engineering is a well-developed area because of the quasi-phase-matching applications. 12, 26, 27 The dark conductivity of LN crystals is extremely low.
28
In our experiments, we used mainly 300-µm-thick z-cut samples of congruent LN doped with 5 mol.% MgO. The data presented in this article correspond to this material. However, similar data were obtained with near-stoichiometric LN. In order to produce domain structures in originally single-domain crystals, we employed the calligraphic domain writing. 27 It is shown schematically in Fig. 1b . The bottom +z face was coated with a 0.5-µm-thick Cr electrode and then glued with conductive paste to a heatable aluminum mount. The temperature T can be controlled on the 0.1
• C level within the range (20 − 150)
• C. As the top electrode we use a tungsten-carbide needle with µm-sized tip radius. During the domain-inversion procedure, the tip is moving slowly along the x direction producing a domain line which is typically as long as 1 mm. The applied voltage U is kept such that the poling current J 30 nA. Subsequent etching of the sample shows that the domain size on the +z face of the untreated crystal noticeably and reproducibly exceeds the size on its −z face. Thus, the domain walls are slightly tilted, and they must be positively charged. The tilt angle can be estimated as θ ≈ 1
• . Remarkably, the total charge flowed through the sample during the domain-inversion procedure exceeds the net polarization charge by orders of magnitude. This is an indication of CDW conductivity. The major experimental differences compared to previous work are the use of room temperature poling and the avoidance of after-poling heat treatment.
In the first series of experiments on the prepared domain structure, a virgin µm-sized tip is moving slowly across the domain line, as shown in the inset of Fig. 1c . The voltage is decreased to 50 V to reduce the applied field far below the coercive field (Ec 3 kV/mm) and hence to avoid any field effect on the domain structure. The current is nonzero only when crossing the left and right domain borders; this proves that CDWs are responsible for the conduction. The value Jmax 0.55 µA is very high for tip-related experiments. The relative asymmetry between the left and right borders in Fig. 1c is occasional -it varies when crossing different sections of the domain line. Employment of a conductive AFM tip of about 50 nm radius has allowed us to map the current distribution in the same area, see Fig. 1d . Within the actual spatial resolution, the conductivity is strongly localized at the left CDW. Relative smallness of the current near the right wall correlates with its zigzag structure. The PFM image of the same area, see Fig. 1e , reproduces the straight left border of the domain and its zigzag right border.
Next, we kept our µm-sized tip at the point of maximum of J(y) and measured the current-voltage characteristics. The corresponding result is presented in Fig. 2 . A pronounced diode-like dependence of J(U ) is clearly seen. For U < 0 the current is practically absent, while for U 30 V we have an almost quasi-Ohmic behavior. While the Schottkylike J(U ) characteristic is typical for a tip experiment, the quasi-Ohmic behavior is rather special. The above J(U ) measurement has then been advanced. Instead of a single domain line we have recorded an array of 732 parallel 1-mm-long domain lines. After that, the top face was covered with conductive silver paste. Application of voltage leads here to a strikingly regular semi-Ohmic J(U ) characteristic, see the inset in Fig. 2 . For U > 0, this characteristic is practically linear showing the absence of electrode barriers. The values of the current approach here 0.01 A. The above data allow us to evaluate reliably the CDW conductivity. To make so, we calculate the total resistance of the system R = U/J under the assumption of Ohmic contacts. Since the problem is two-dimensional, we have generally for a single wall: R1 = ρsF , where ρs = (σw) −1 , ρs is the specific surface CDW resistivity, σ is the average conductivity inside the wall, and F is a dimensionless factor determined by the geometry of the contacts. 30 Let L and a be the domain-line length and the electrode length along the wall, respectively. 7 Ω. In the tipelectrode case, the stream lines of the current are expanding in the wall plane with the distance from the top electrode. Numerical simulations give here F 0.72 lg(5d/a). This logarithmic dependence on d/a is fairly weak. Setting a = 2 µm, which is not far from the tip diameter, and estimating R1 = U/J from Fig. 2 , we obtain ρs ≈ 3.5×10
7 Ω. The consistency of the two independent estimates, obtained for different contacts and geometries, is striking. Setting next w = 10 nm, we obtain for the bulk CDW conductivity: σ ≈ 0.03 (Ω cm) −1 . This value exceeds the dark conductivity of LN crystals 28 by at least 14 orders of magnitude. Finally, using the relation σ = eµen and setting for the electron drift mobility µe 0.1 cm 2 /Vs, we obtain for the concentration of compensating electrons: n 1.8 × 10
18 cm −3 . This is in fair agreement with the estimate n ≈ 2Psθ/ew for θ ≈ 1
• . Our experimental efforts are directed next to elucidate the origin of the contact barriers and to get access to the CDW conductivity through fully Ohmic contacts. To accomplish this challenging task, we have recorded an array of sixteen 13-mm-long domain lines. Then the central part of the bottom Cr electrode has been etched away, and two spatially separated droplets of conductive paste are used as two top electrodes, see Fig. 3a . Fig. 3d , we obtain the fully Ohmic behavior. This indicates that the bottom electrode is Ohmic. An equivalent electrical scheme for our four-electrode configuration is presented in Fig. 3a . It is worthy of mentioning that removal of the original Cr electrode with subsequent re-contacting leads to a pronounced non-Ohmic behavior. This observation excludes, in particular, the possibility of leakage currents between the two bottom Cr electrodes.
The effect of heating on the CDW conductivity is an important issue. For temperature measurements, we used a sample with thirty 1-mm-long domain lines and a silver-paste top electrode. Up to T = 70
• C, the conductivity shows no signs of temporal degradation within the period of about one day. For example, observation of J(t) during 35 hours at T = 30
• indicates that the current fluctuates around an average value within only 1%, see Fig. 4a . This contrasts with much stronger fluctuations of J(t) in BaTiO3 and BiFeO3. For T ≤ 70 • , the current increases with temperature according to an Arrhenius law with the activation energy EA = (0.10 ± 0.01) eV, see Fig. 4b . This temperature-activation dependence is the signature of hopping electron conductivity. For temperatures T > 70
• C and on long time scales, the current decays exponentially in time, J(t)/J(0) = exp(−t/τ ), see Fig. 4c . The higher T , the faster is the decay. Once the conductivity has vanished by heating, it cannot be recovered. The decay rate τ −1 (T ) also obeys an Arrhenius law with the activation energy EA = (1.2 ± 0.1) eV, see Fig. 4d . This value strongly indicates that migration of some ions is responsible for the high-temperature decay of the CDW conductivity.
Looking forward, it will be relevant to fully elucidate the effect reported here, in particular with the aim to control all parameters: In-depth understanding is needed how the inhomogeneous field employed for the calligraphic poling plus defects that pin the domain walls influence the key outcome, the tilt of the domain walls. However, already now it is clear that this effect can pave the way to novel integrated electronicoptical devices: Calligraphically written charged domain walls can serve in a z-cut waver as electrodes to access the electrooptical coefficient r22, providing electrically controlled local phase modulation. Patterning the wafer and contacting the electrodes with nanometer-thin Ag wires allows the design of freely programmable optical phase plates. Our findings will be also of use for integrated reconfigurable quantum-optical devices providing, e.g., correlated photons from electro-optically tunable difference-frequency generation. Flip-bonding a Si chip onto LN samples with tailored conducting domain walls allows to apply freely designed 2D-structured electrical fields to LN crystals, stimulating the field of LN-semiconductor hybrid chips.
